abstract BACKGROUND: Pertussis is poorly controlled, with the highest rates of morbidity and mortality among infants. Although the source of infant pertussis is often unknown, when identified, mothers have historically been the most common reservoir of transmission. Despite high vaccination coverage, disease incidence has been increasing. We examined whether infant source of infection (SOI) has changed in the United States in light of the changing epidemiology.
Pertussis is poorly controlled, with the highest rates of morbidity and mortality among infants. Although the source of infant pertussis is often unknown, when identified, mothers have historically been the most common reservoir of transmission. Despite high vaccination coverage, disease incidence has been increasing. We examined whether infant source of infection (SOI) has changed in the United States in light of the changing epidemiology.
METHODS:
Cases ,1 year old were identified at Enhanced Pertussis Surveillance sites between January 1, 2006 to December 31, 2013. SOI was collected during patient interview and was defined as a suspected pertussis case in contact with the infant case 7 to 20 days before infant cough onset.
RESULTS: A total of 1306 infant cases were identified; 24.2% were ,2 months old. An SOI was identified for 569 cases. Infants 0 to 1 months old were more likely to have an SOI identified than 2-to 11-month-olds (54.1% vs 40.2%, respectively; P , .0001). More than 66% of SOIs were immediate family members, most commonly siblings (35.5%), mothers (20.6%), and fathers (10.0%); mothers predominated until the transition to siblings beginning in 2008. Overall, the SOI median age was 14 years (range: 0-74 years); median age for sibling SOIs was 8 years.
CONCLUSIONS: In contrast to previous studies, our data suggest that the most common source of transmission to infants is now siblings. While continued monitoring of SOIs will optimize pertussis prevention strategies, recommendations for vaccination during pregnancy should directly increase protection of infants, regardless of SOI.
WHAT'S KNOWN ON THIS SUBJECT:
The source of infant pertussis infection is typically identified ∼50% of the time. Historically, mothers have been identified as the most common source of pertussis transmission to infants. 3, 4 Despite high or increasing coverage with pertussis vaccines, the incidence of disease has been slowly increasing in a number of countries with notable epidemic peaks in recent years. The epidemiology of pertussis has also evolved, with a growing burden of disease among recently vaccinated children and adolescents. 5 This trend is particularly evident in countries that have replaced whole-cell vaccine formulations with acellular pertussis vaccines (aP); the transition from whole-cell vaccine to aP vaccines in the United States occurred during the 1990s. Waning immunity in cohorts that received aP vaccines for their childhood series has been welldocumented in recent studies. [6] [7] [8] [9] [10] [11] [12] Infants are at greatest risk for disease and death from pertussis, especially during the first 2 months of life before pertussis immunizations begin. Numerous studies have evaluated the source of pertussis transmission to infants and typically report an unknown source of infection for $50% of infant cases. [13] [14] [15] When a source is identified, mothers have been the most commonly cited source of infection in the United States (32%-37%). 13, 15 However, recently published data from Australia and the Netherlands suggest that siblings are playing an increasingly important role in the transmission of pertussis to young infants in these countries. [16] [17] [18] 19 Confirmed and probable cases were included in our analysis for all states except Massachusetts, where only confirmed cases were reported.
WHAT THIS STUDY ADDS:
The SOI was collected at time of interview of the case-patient's parent or guardian and was defined as a person with cough illness consistent with pertussis who had contact with the infant case-patient in the 7-to 20-day period before the date of infant cough onset. Infant parents/ guardians were asked whether another person with cough illness was known (source), the relationship of that source to the case infant, and the source's age. When .1 source was identified, information was recorded for the source with the earliest cough onset date to identify the first known exposure to pertussis.
Immediate family members were defined as mothers, fathers, and siblings and extended family members included grandparents, aunts/uncles, and cousins. An SOI identified as a day-care contact could represent another child attendee of the day care or an adult caregiver.
Analytic Methods
Disease incidence was calculated using observed case counts as numerators and surveillance population estimates from bridgedrace, postcensal population estimates from the National Center for Health Statistics as denominators. (Fig 1) .
Overall, an SOI was identified for 569 (43.6%) of the infant cases; 44.1% of the parents interviewed were unable to identify an SOI for their infants, and the remaining 12.3% did not provide a response. Of the infants with a known SOI, the most commonly identified sources were siblings (35.5%), mothers (20.6%), fathers (10.0%), grandparents (7.6%), aunts/uncles (6.5%), and other source, not specified (6.3%); day-care contacts, cousins, friends, babysitters, nieces/nephews, and unknown source accounted for ,5% each of identified sources. Altogether, immediate family members were identified as the source of pertussis transmission for 66.1% of infant cases; immediate plus extended family members were identified as the source for 85.2% of infant cases. Overall, the most common sources identified were similar by race and ethnicity, with siblings (32.7%-36.2%) accounting for the greatest proportion of identified SOIs across all racial and ethnic groups, followed by mothers (17.2%-21.7%). The only significant differences identified was the proportion of SOIs identified as friends (non-Hispanic case infants were significantly more likely than Hispanic case infants to have a friend identified as an SOI; 4.8% vs 0%, P = .004) and those identified as other source, not specified (black case infants were significantly more likely than white case infants to have the source of infection identified as other source; 11.8% vs 4.3%, P = .004).
During the first 2 years of the study period (2006-2007), mothers were identified most frequently as the source of pertussis transmission to infants. However, a shift to siblings occurred in 2008, and with the exception of 2009, this predominance continued through 2013 (Fig 2) . The proportion of mothers identified as the SOI declined significantly during the study period (P = .0014), whereas the proportion of sibling SOIs increased (P = .0333); no other significant trends were observed among the other identified SOIs (Fig 2) .
Overall, the median age of the identified SOIs was 14 years (480 of
FIGURE 1
Annual pertussis incidence among infants ,1 year of age and number of reported infant cases by EPS site and year, 2006-2013. years; Table 1 ). Although not steadily decreasing, there was a borderline significant trend in the annual median age of SOIs over time (P = .0537). When the years were grouped according to the changing epidemiology of pertussis in the United States, a significant decrease in median age was observed when we compared 2006-2009 (18 years of age) to 2010-2013 (12 years of age; P = .0160). Among sibling sources, the overall median age during the study period was 8 years of age, and fluctuated between a high of 9 years of age in 2008, to a low of 4. Younger infant age was significantly associated with the identification of a source of infection; 54.1% of infants 0 to 1 month of age had a source identified compared with 40.2% of infants 2 to 11 months of age (P , .001). Additionally, hospitalized infant cases were more likely to have a source of infection identified than those not hospitalized for their pertussis infection (51.6% vs 39.8%, respectively, P , .001); however, when stratified by infant age group, hospitalization was only significantly associated with the identification of an SOI for infants 2 to 11 months of age. The proportion of white cases that had an SOI identified was similar to cases classified as other race (46.0% and 41.8%, respectively; P = .34). However, a significantly higher proportion of sources were identified among white cases when compared with black cases (35.4%, P = .02).
Council of State and Territorial
Epidemiologists-confirmed cases were also more likely than cases classified as probable to have a source of infection identified (44.2% of confirmed cases vs 31.3% of probable cases, P = .04). No significant difference was observed for ethnicity (45.7% of Hispanic cases had an SOI identified vs 42.3% of non-Hispanic cases; P = .31).
Because younger infant age was a predictor of whether a source of infection was identified, we explored differences in the relationship of the sources identified between the 2 infant age groups (Fig 3) . Across all SOIs, significant differences between the 2 infant age groups were found for mother and day-care contact only. Infants 0 to 1 month of age were significantly more likely to acquire pertussis infection from their mothers (P = .002), whereas infants 2 to 11 months of age were more likely to have day-care contact identified as their source of infection (P = .003).
DISCUSSION
Consistent with previous studies, our analysis of 8 years of enhanced surveillance data identified an SOI for less than half of reported infant pertussis cases, with a similar proportion of sources identified as family members. However, contrary to the published US data, our study revealed the emergence of siblings as the major reservoir of infection and represents an important shift in the dynamics of pertussis transmission to young infants in the United States. Children 7 to 10 years of age began to emerge as a high-incidence age group for pertussis in the United States in 2008 and continue to experience elevated rates of disease, along with adolescents, as aP-vaccinated cohorts age. 20 As our data suggest, mothers and fathers still play an important role in transmitting disease to unprotected infants, but the transition to siblings and other school-age children as the main source of infection is not unexpected in this era of waning aP immunity and
FIGURE 2
Relationship of identified sources of infection, by year, 2006-2013. * Includes day-care contacts, cousins, friends, babysitters, and nieces/nephews, unknown source (n = 1).
† P , .05. an increasing burden of pertussis in these age groups. Changes in the median age of the SOIs identified in our analysis mirror the changing epidemiology observed in the United States.
The Advisory Committee on Immunization Practices (ACIP) has recommended 2 strategies to protect young infants from pertussis: the "cocooning" strategy, which involves vaccination of adolescent and adult close contacts of an infant with a single dose of Tdap, and Tdap vaccination during every pregnancy. 4 Another factor that may be associated with the transition away from mothers as the most common SOI is the age distribution of infant cases. In our study, the proportion of infant cases ,2 months of age decreased from 36.9% in 2006 to 23.4% in 2013 (data not shown). We found a significant association between younger infant age and mothers as the source of infection; however, infants ,2 months of age and infants 2 to 11 months of age had the same proportion of sibling SOIs identified (Fig 3) . Although changes in infant age distribution may be contributing to the transition away from mothers, it does not explain the observed shift to siblings as the major source of infant infection.
In the current setting of waning vaccine-induced immunity after both the childhood pertussis series and the Tdap booster vaccine among aP-vaccinated cohorts, additional doses of Tdap are unlikely to reduce the overall burden of pertussis and are therefore not likely to be routinely recommended for the general population. [10] [11] [12] Although there is much debate around the benefits of Tdap revaccination for subsets of the population, such as infant close contacts, adult uptake of a single dose remains poor (,15% of adults in 2012), and coverage would presumably be lower for subsequent doses. 22 Regardless, as our data suggest, revaccination of adult cocoon members is unlikely to halt transmission of disease to infants if siblings are the predominant reservoirs of infection. Additionally, recent studies suggest that aPvaccinated baboons can be colonized with B pertussis and successfully transmit the organism to cohoused animals. 23 Therefore, even in settings where all household contacts are upto-date with pertussis vaccinations, asymptomatic transmission of pertussis may occur, further impeding the success of the cocooning strategy. 23, 24 For the cocooning strategy to be successful, there is also the assumption that infants are infected by close contacts. However, as our analysis and other studies have shown, a source of infection is identified less than half the time, suggesting either infection by someone outside the household or asymptomatic transmission of disease. For these reasons, the cocooning strategy is less than ideal, and strong support of vaccination during pregnancy is needed to maximize the protection of infants in the first critical months of life.
In contrast to previously published US studies on the infant source of infection, our analysis of Enhanced Pertussis Surveillance data allowed us to monitor the source of infant infection in a large sample size over multiple years. Despite notable strengths of our study, there were some challenges to identifying the source of infant pertussis in our analysis of surveillance data. Although .1 person with cough illness may have had contact with an infant case, we only captured information on the potential source with the earliest cough onset and were unable to quantify the level of contact with the case. Potential sources who were asymptomatic or had mild illness without cough may have also been missed in our study as we relied solely on parent report without laboratory testing of household members or other infant contacts; additionally, without laboratory confirmation, we were unable to determine if B pertussis was the actual cause of cough illness in the identified SOIs. It is also important to note that although we did have a large sample size, there were changes in participating sites over time, potentially making data from the earlier years less generalizable.
CONCLUSIONS
Our analysis of US Enhanced Pertussis Surveillance data revealed a shift in the source of infant pertussis infection from mothers to siblings, mirroring the shifting epidemiology of pertussis in the United States. Continued monitoring of the source of infant infection through surveillance is important, especially as the epidemiology of pertussis changes. In this era of resurgent pertussis and widespread transmission, the primary focus of prevention and control strategies is to protect those at highest risk for severe disease, with emphasis on young infants in the first few months of life before immunizations begin. With evidence of waning immunity and possible transmission of pertussis through subclinical infections, the current cocooning strategy is unlikely to offer sufficient protection of vulnerable infants. Prevention efforts should therefore focus on increasing Tdap coverage during pregnancy because this is currently our best strategy for providing direct protection to the infant, regardless of the changing source of infant infection.
